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ABSTRACT
Using spectroscopically selected galaxies from the Sloan Digital Sky Survey we present a detection
of reddening due to dust in the circumgalactic medium of galaxies. We detect the mean change in
the colors of “standard crayons” correlated with the presence of foreground galaxies at z ∼ 0.05 as
a function of angular separation. Following Peek & Graves (2010), we create standard crayons using
passively evolving galaxies corrected for Milky Way reddening and color-redshift trends, leading to
a sample with as little as 2% scatter in color. We devise methods to ameliorate possible systematic
effects related to the estimation of colors, and we find an excess reddening induced by foreground
galaxies at a level ranging from 10 to 0.5 millimagnitudes on scales ranging from 30 kpc to 1 Mpc.
We attribute this effect to a large-scale distribution of dust around galaxies similar to the findings of
Me´nard et al. (2010). We find that circumgalactic reddening is a weak function of stellar mass over
the range 6× 109M – 6× 1010M and note that this behavior appears to be consistent with recent
results on the distribution of metals in the gas phase.
Subject headings: are useless
1. INTRODUCTION
Galaxies process and return a significant fraction of
their accreted gas to their surroundings, the circum-
galactic medium (CGM) but the physical mechanisms
involved as well as the matter distribution in this envi-
ronment are still poorly constrained. Much of our knowl-
edge of the distribution of baryons in
the CGM comes from absorption line studies which
probe the gas phase. The interpretation of such mea-
surements is often limited by our lack of knowledge of
the ionization state of the gas. In this work we explore
the distribution of dust around galaxies and use it as an
alternative tracer of metals in this environment, indepen-
dent of ionization corrections. It is important to realize
that a substantial fraction of CGM metals might be in
the solid phase. In the ISM, about 30% of the metals are
found in dust (Weingartner & Draine 2001). Measuring
dust reddening effectsfrom the CGM may also allow us to
put constraints on the grain size distribution and poten-
tially the mechanisms responsible for their ejection from
galactic disks to halos, for example supernova explosions
(Silk 1997; Efstathiou 2000) or radiation pressure (e.g.
Murray et al. 2005; Salem & Bryan 2013).
A number of authors have reported the presence of
dust well beyond galaxy disks. Using superpositions of
foreground/background galaxies, Holwerda et al. (2009)
detected dust extinction up to about five times the opti-
cal extent of spiral galaxies. Using deep Herschel obser-
vations, Roussel et al. (2010) showed that emission from
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cold dust is seen up to 20 kpc from the center of M82.
Using UV light scattered by dust grains, Hodges-Kluck
& Bregman (2014) reported the detection of dust up to
about 20 kpc perpendicular to the disk of edge-on galax-
ies. With a statistical approach, Me´nard et al. (2010,
MSFR) measured the cross-correlation between the col-
ors of distant quasars and foreground galaxies as a func-
tion of the impact parameter to galaxies. They found
an excess reddening signal on scales ranging from 20 kpc
to a few Mpc, implying that the distribution of dust ex-
tends all the way to the intergalactic medium. Me´nard
& Fukugita (2012) showed that a similar amount of dust
can been seen associated with strong Mg II absorbers
at 0.5 < z < 2.0, providing another line of evidence
of the presence of dust on large scales around galaxies.
Fukugita (2011) showed that the summed contributions
of dust in and outside galaxies appears to be in agreement
with the total amount of dust that ought to be produced
in the Universe. This implies that dust destruction does
not play a major role in the global dust distribution and
that most of the intergalactic dust survives over cosmic
time.
In this work we focus on the low-redshift Universe and
constrain both the amount of dust surrounding nearby
(z ∼ 0.05) galaxies and its dependence on galaxy proper-
ties. We do so by using a set of standard crayons, follow-
ing the work of Peek & Graves (2010), i.e. galaxies for
which the colors can be standardized. The outline of the
paper is as follows: in §2 we describe the datasets how
we estimate the color of a standard crayon galaxy. In §3
we introduce our estimator for reddening measurement,
in §4 we present our analysis and results showing both
detections of reddening and the variation of this redden-
ing as a function of foreground galaxy parameters. We
discuss these results in the context of galaxy formation
and metal budgets in §5, and conclude in §6.
2. DATA
Our goal is to measure the mean color change of distant
sources induced by the presence of foreground galaxies,
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Fig. 1.— Left: redshift distribution of the selected galaxies. The dark histogram represents all the foreground galaxies from the Main
Galaxy Sample of SDSS DR7. The quiescent galaxies from PG10 are shown in gray. The lightest colored unfilled histogram shows a
distribution of the foreground galaxies that have at least one background galaxy within 150 kpc impact parameter. Right: the color
distributions of PG10 galaxies. Histograms of original PG10 colors (black), and Ccorr, (Equation 2; gray, filled), are shown for u− g (top)
and g−r (bottom) colors. The expected reddening for Milky Way dust with an Av of 1, Rv = 3.1 is shown by the black bar. The truncation
used to excise extreme outliers is shown in vertical dashed lines.
as a function of impact parameter, R. Optimizing such
a measurement requires both maximizing the number of
foreground-background pairs and minimizing the possi-
ble scatter in the color distribution of the background
objects. To do so we work with data drawn from the
Sloan Digital Sky Survey (SDSS; York et al. 2000).
For our foreground population we select galaxies from
the Main Galaxy Sample from the data release 7 (Strauss
et al. 2002) and use the magnitude limited selection
r < 17.77. This produces a sample of 695,652 fore-
ground galaxies for which two intrinsic properties are ex-
tracted from the MPA-JHU value-added catalog (Kauff-
mann et al. 2003; Brinchmann et al. 2004): specific star-
formation rate (sSFR) and stellar mass (M?). The dis-
tribution of galaxies as a function of redshift is shown in
the left panel of Figure 1 with the black histogram.
For our background sample we make use of standard
crayons, as introduced by Peek & Graves (2010): objects
whose colors have a very narrow distribution. We select
passively evolving galaxies from the Main Galaxy Sample
(again, r < 17.77) using the criterion that they have nei-
ther detectable Oii nor Hα emission, significantly limit-
ing their number. The details of that selection procedure
are discussed in PG10. This provides us with a sample of
151,637 galaxies. We note that we do not exclude these
galaxies from our foreground sample described above.
The redshift distribution of the background galaxies is
shown in the left panel of Figure 1 in gray.
To estimate color changes we use the apparent model
magnitudes of the galaxies and apply two corrections to
them. First, we correct for the effects of Galactic dust
reddening. To estimate them we avoid using the stan-
dard dust map from Schlegel et al. (1998) which relies
on FIR emission which is known to originate not only
from the Milky Way but also from low redshift galaxies
(see Yahata et al. 2007, Kashiwagi et al. 2012, Peek
& Schiminovich 2013, for a discussion of the effect). In-
stead, we emulate the work of Burstein & Heiles (1982)
and use a Galactic dust map based on the distribution
of HI, as probed by the the Leiden-Argentina-Bonn ra-
dio survey (Kalberla et al. 2005). We define the Galactic
dust reddening ∆MW, measured in the bands a and b, in
a given direction in the sky by
∆CMW = (Ra −Rb) NHI
7× 1021cm−2 , (1)
where Ra and Rb are the Galactic extinction coefficients
for the SDSS bandpass filters (Stoughton et al. 2002),
and the ratio of reddening to Hi for this region is derived
from Peek (2013). We exclude galaxies with a measured
E (B − V ) > 0.1, where Hi column is known to be a
poor reddening estimate, removing 1891 galaxies from
our background sample. We note that using the Schlegel
et al. (1998) extinction rather than the method described
above does not qualitatively modify our conclusions. Sec-
ond, we need to remove possible trends between back-
ground galaxy colors and redshifts, which stem both from
galaxy evolution and “K-correction”. To do so we mea-
sure the median color-redshift relation for each of the 10
SDSS optical colors and characterize it using a fourth-
order polynomial fit, refered to as ∆Credshift.
With these two correction terms in hand we finally
define the corrected color of a galaxy by
Ccorr = Cobs −∆CMW −∆Credshift . (2)
This provides us with a distribution of corrected colors
Ccorr for which the dispersion ranges from 21 to 180 mil-
limagnitudes depending on the chosen bands. The right
3panel of Figure 1 shows examples of such distributions.
2.1. Outlier Rejection
To increase the robustness of our statistical analysis
we first remove outliers in the color distribution of the
background galaxies (PG10, figures 2 & 3). To do so
we use Chauvenet’s criterion, rejecting outliers that have
larger deviations in color than would be expected for any
points, given the standard deviation of the sample and
the number of galaxies in the sample, in our case 4.35σ.
We reject galaxies that fail to meet this criterion in any of
the 10 colors, which removes 7,861 galaxies from the sam-
ple, i.e. about 5% of the data. We note that arbitrarily
moving the threshold such that we reject half or twice
the number of galaxies, or simply clipping at 3 σ does
not qualitatively effect our results. We also test against
a bootstrap analysis and do not detect differences in the
measured errors. Our extreme outlier rejection criterion
is indicated as vertical dashed lines in the right panel
of Figure 1. The final sample contains 141,885 standard
crayon galaxies.
3. METHODS
Given that the expected level of CGM dust redden-
ing is lower than the intrinsic width of the corrected
color distribution, we constrain its amplitude by mea-
suring the mean color excess induced by the presence
of foreground galaxies in a range of impact parame-
ters, 〈C(Rmin, Rmax)〉, where Rmin and Rmax are the
minimum and maximum impact parameter. In addi-
tion to reddening by dust, apparent color changes can
stem from other effects and systematic errors: physical
correlations between foreground and background objects
(galaxy clustering), distortions in the photometry due to
the presence of a nearby galaxy and wide-field photo-
metric errors. Below we define an estimator which takes
those effects into account.
One requirement we put on our estimator is that it
should not lead to any reddening signal if we measure
the color changes of foreground galaxies as a function
of angular separation from background galaxies. Any
such change would indicate our estimator is sensitive to
some non-physical effect, as light coming from a galaxy
in front should not be modified physically by a galaxy
behind. We refer to this measurement as the “reverse
test”.
3.1. Physical and lensing-induced correlations
Galaxies are known to follow a color-density relation
(e.g. Blanton et al. 2005) leading to mean color change as
a function angular separation. To avoid being contami-
nated by such an effect, we impose a minimum redshift
difference between our background and foreground ob-
jects. In Figure 2 we show the distribution of foreground-
background pairs within 30 arcminutes as a function of
δz = zbackground−zforeground for both the direct reddening
measurement (right) and the reverse test (left; see §3.3).
There is a sharp increase in the number of pairs on small
scales, due to the clustering of galaxies. To be conserva-
tive we ignore galaxy pairs with |δz| < 0.015. Changing
this value by a factor of 2 does not qualitatively effect
our results.
Gravitational lensing increases the brightness of back-
ground galaxies behind foreground galaxies. Because of
this brightening, there will tend to be more background
galaxies brighter than a given threshold in the vicinity
of foreground galaxies (Narayan 1989). The strength of
this effect depends on both the gravitational magnifica-
tion of the foreground population and the shape of the
brightness distribution of the background sources. While
our results are insensitive to background galaxy bright-
ness, the average color of a population of galaxies will
slightly change if the limiting magnitude is effectively
altered. This effect, similar to the population redden-
ing effect discussed in Peek & Schiminovich (2013), is
very small; for our sample less than 20 millimagnitudes
of color change per magnitude of brightening for all the
colors we investigate. On scales of 150 kpc (about three
arcminutes at the redshifts of interest), typical changes
in galaxy brightness are ∼ 3× 10−3 and drop with scale
roughly as R−1 (Scranton 2005, MSFR). We therefore
expect lensing-induced color changes to be ∼ 5 × 10−5
mag at R ∼ 150 kpc. This term is insignificant and we
neglect it in the following.
3.2. Wide-field photometric errors
We expect wide-field variations in the photometry and
colors at some level, as the SDSS survey was conducted
over varying conditions over many years. This can be in-
duced by calibration offsets (Padmanabhan et al. 2008)
or biases in the dust map (e.g., Peek 2013). Such large-
scale variations may bias the color change we wish to
measure: large scale structure in our foreground galaxies
may overlap with regions of photometric error, gener-
ating a bias beyond simple Poisson noise. In order to
mitigate this effect, we only focus on the excess color
change measured with respect to a large-scale averaged
mean color:
∆C(Rmin, Rmax) = 〈Ccorr(Rmin, Rmax)〉 (3)
−〈Ccorr(1 Mpc, 2 Mpc)〉
We find this effect to be typically of order 2×10−4 magni-
tudes, and always smaller than our error bars and signal.
We note that this method restricts us to measuring dust
with R < 1 Mpc and represents an imperfect mitigation
of this very small effect.
3.3. Small-scale photometric biases
On small scales, photometric estimation can be af-
fected by the presence of nearby extended sources, like
bright galaxies (Aihara et al. 2011). The foreground
galaxy is not a point source, and thus may have a real
extended light distribution, or scattered light. The fact
that the background object is also a galaxy introduces
additional opportunities for error. To consistently mea-
sure the apparent magnitude of a galaxy, one must fit
a model to the galaxy profile, which requires a careful
estimate the sky brightness nearby. Any other galaxies
in the same region of sky can bias the sky brightness
estimate.
Quantifying such effects as a function of galaxy prox-
imity and brightness requires tests of the SDSS photo-
metric pipeline (see Huff & Graves 2013 and future work
discussed therein). Instead of attempting to predict the
amplitude of these effects, we can directly estimate them
using the reverse test introduced above, i.e. measuring
the color changes of foreground galaxies as a function
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Fig. 2.— Distribution of redshift differences for the galaxy pairs selected within 30 arcminutes. The light gray region shows pairs used
for the direct dust reddening measurements. The dark gray region shows pairs used for the “reverse test” used to characterize the effects
of photometric bias, where the ”background” galaxy is in front of the “foreground” galaxy. The lightest gray area at the center represents
pairs that are likely to be related in physical space (|zbackground − zforeground| < 0.015) and are thus not used in either measurement.
of angular separation from background galaxies. Such a
correlation should not lead to any signal. Therefore any
measured quantity is an estimate of the amplitude of pho-
tometric biases. We perform a photometrically matched
measurement ∆Creverse. To do so we weight galaxy pairs
in the reverse test such that their pair-wise angular dis-
tribution matches that of the forward measurement. Our
final circumgalactic dust reddening estimator is thus
∆Cdust = ∆C−∆Creverse . (4)
This small-scale photometric bias is expected to depend
on the brightness of the foreground galaxies. Since the re-
verse test will tend to have higher redshift “foregrounds”
than the dust measurement, we need take this difference
into account. We estimate ∆Creverse as a function of the
magnitude of “foreground” galaxies by binning the sam-
ple by quartiles in r band magnitude. We find that, in
practice, the strength of this small scale photometric bias
is insensitive to whether we bin by quartiles or in some
other way, and whether we use r or another filter. A
comparison of ∆Cdust and ∆C is shown in the following
section.
4. RESULTS
4.1. Mean reddening signal
Using the color excess estimator presented in Equa-
tion 4 we measure the mean reddening induced by fore-
ground galaxies for as a function of impact parameter,
from 30 kpc to 1 Mpc. In Figure 3 we show the radial
profile of the u − g color excess for 7 radial bins. We
detect a reddening signal of about 10 milli-magnitudes
at Rp < 150 kpc, which drops to about 1 millimagni-
tude at a scale of 1 Mpc. We attribute this signal to the
presence of dust in the CGM and IGM. For comparison
we show as a red line the best fit power-law trend to
the results obtained by MSFR using foreground galax-
ies at z ∼ 0.3 and background quasars to measure colors.
Overall, our results show a similar effect. This illustrates
the power of standard crayons to perform low-level red-
dening measurements by reducing the intrinsic scatter in
colors rather than increasing the size of the background
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Fig. 3.— Mean u − g reddening excess measured as a function
of scale, indicating the presence of dust in the CGM and IGM.
The red line shows the best fit power law obtained by MSFR who
measured the reddening excess induced by z = 0.3 galaxies on
background quasars. Our analysis indicates, for the u− g color, a
higher level of reddening within 150 kpc and a departure from a
power law. As shown in Fig. 4 this excess is not seen in the other
bands.
sample. Our measurement also shows some differences
with respect to the MSFR best fit trend. We observe an
enhanced signal on scales ranging from 30 to 150 kpc.
In the regime 30 kpc < Rp < 150 kpc, where the
signal-to-noise ratio of our measurements is higher, we
can investigate the wavelength dependence of the mea-
sured color change. This is shown in Figure 4. Our mea-
surements show that the wavelength dependence of the
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Fig. 4.— The average reddening of background galaxies with
impact parameters between 30 and 150 kpc of all spectroscopic
foreground galaxies. Solid black circles represent our dust red-
dening estimator ∆Cdust (30 kpc, 150 kpc). An excess reddening
is detected in all color combinations. The red lines represent the
results of MSFR, assuming SMC dust. For reference, the empty
gray circles show the results without the reverse test debiasing,
∆C (30 kpc, 150 kpc).
signal is generally consistent with that of an SMC bar ex-
ctinction curve (red dashes, Weingartner & Draine 2001)
except at the shortest wavelengths. The u−g color shows
a significant excess, inconsistent with the SMC bar red-
dening curve, with a reduced χ2 = 7.6. We note that
our u-band extinction is not affected by the canonical
2175A˚(NUV) absorption “bump” at the redshift of our
foreground galaxies, i.e. 0.03 < z < 0.1.
In general, small dust grains contribute to a steeper
slope on the blue end of an extinction curve, generating
an increase in u − g reddening. To test the hypothesis
that the increase in u−g color relative to SMC extinction
(Figure 4) is driven by the dust grain size distribution,
we examine the very simplified case in which the dust has
a single grain size and material. We do not expect that
CGM grains are truly uniform, but we use this toy model
as a simple test appropriate for our broadband data.
We investigate two extremely simplified dust models:
graphite only and silicate only, each with a single vari-
able grain size a. We use dielectric constants given by
Draine (2003), Draine & Lee (1984), and Laor & Draine
(1993) and compute Mie scattering and extinction cross-
sections using the publicly available bhmie code (Bohren
& Huffman 1983).
While both the graphite and the silicate models show
a best fit for smaller grains, ag = 0.05 µm, as = 0.06 µm,
both fall short of the u-band extinction, with reduced
χ2 of 6.5 and 5.5, respectively. Therefore, we cannot
conclude that we have strong evidence for a small grain
population in the CGM. More likely, there exists some
weak, unmodeled systematic that is increasing our errors.
We also fit the data with the SMC curve but excluding
the u-band and we find a better fit with reduced χ2=2.3.
For the remainder of this work we exclusively refer to the
simpler SMC dust assumption.
We can derive an overall CGM dust mass using
Mdust =
∫ 150 kpc
30 kpc
1.086 A
κ
2pirdr (5)
where A is the extinction expected given the measured
SMC reddening and κ the SMC dust opacity. The fit
both using and excluding the u-band data show a dust
mass of 6±2×107M; the fit is largely insensitive to u as
the u-band errors are large. These results are consistent
with the result of MSFR, who found a CGM SMC dust
mass of 5× 107M.
4.2. Trends with galaxy properties
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Fig. 5.— The bivariate distribution of foreground galaxies in
sSFR and M?. The univariate quartile values are shown with long
gray tickmarks; the splits used in §4.2 are shown in black.
Having access to a number of physical parameters for
the foreground galaxies we can investigate correlations
between the amount of dust in the CGM and galaxy
properties. To do so we split the foreground sample by
mass at M? = 3 × 1010M (about 1/2 L*; see Figure
5). The average stellar mass of the low-mass group is
6× 109M ' 0.1L* while the average for the high-mass
group is 6×1010M 'L*. We call these groups the 0.1L*
and L* sub-samples, respectively.
We determine the CGM reddening for each subsample
and their ratios, shown in Figures 6 and 7, respectively.
In determining the ratio we make the explicit assumption
that ratio of reddening to dust column is not a function
of physical parameter by which we split the sample. We
detect more reddening around L* galaxies over our fidu-
cial impact parameter range (30-150 kpc), but only by a
factor of 1.7+0.7−0.5. If we assume a power-law dependence
of CGM dust mass on host stellar mass we find
Mdust ∝M?β with β = 0.23+0.15−0.15. (6)
The ratio does not change significantly when we increase
the range of impact parameter to 300 kpc, indicating
that a more extended dust distribution around L* galax-
ies does not explain this weak dependence of CGM red-
dening with galaxy mass. We rule out a linear propor-
tionality between Mdust and M? at a level greater than
4σ.
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Fig. 6.— Average reddening between 30 and 150 kpc impact pa-
rameter of foreground galaxies, ∆Cdust (30 kpc, 150 kpc), split into
sub-samples by stellar mass (top panel) and specifc star formation
(bottom panel). In the top panel the blue half-circles and errors
represent the measurement of a sub-sample with average stellar
mass of L* (the L* sample), while the red half-circles and errors
represent the sub-sample with average stellar mass of 0.1 L* (the
0.1 L* sample). In the bottom panel the blue half-circles represent
the high specific star formation rate sub-sample, at an average of 2
×10−10 yr−1, while the red half-circles and errors represent the low
specific star formation rate sub-sample, at an average of 8 ×10−12
yr−1. It is visually evident that the higher mass galaxies produce
more reddening, but not ten times as much, as would be expected
if CGM dust mass scaled linearly with galaxy stellar mass. No
reddening trend is detectable as a function of sSFR.
We repeat the experiment, splitting the galaxy popu-
lation by sSFR at 3 ×10−11 yr−1 (Figure 5). The low
sSFR subpopulation has an average sSFR of 8 ×10−12
yr−1 while the high sSFR subpopulation has an average
sSFR of 2 ×10−10 yr−1. The trend with sSFR is charac-
terized by
Mdust ∝ sSFRγ with γ = 0.04+0.10−0.09 . (7)
This is also reported in Figure 7. It indicates that
star forming and passively evolving galaxies around sur-
rounded by a similar distribution of dust in their halo.
4.3. Trends with disk angle
Finally, we explore the spatial distribution of CGM
dust as a function of position angle with respect to the
major axis of the galaxy. To measure this, we first find
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Fig. 7.— The dependence of circumgalactic reddening on galaxy
properties. The left panel shows the exponent β characterizing
the dependence on stellar mass Mdust ∝ M?β , as a function of
scale. The right panel shows the exponent γ characterizing the
dependence on specific star formation rate Mdust ∝ sSFRγ .
a subsample of the target galaxies where the orienta-
tion of the major axis (position angle) of the galaxy is
well measured. The SDSS photometric pipeline measures
three position angles: the φexp of the exponential fit,
the φdeV of the deVaucouleurs fit, and the φiso of the
best-fit ellipse to the 25 magnitudes per square arcsec-
ond isophote. In cases where the galaxy’s major axis
is difficult to discern, these three fits will report essen-
tially arbitrary values for φ. To eliminate such cases,
we consider only galaxies that have |φiso − φexp| < 15◦,
|φiso − φdeV | < 15◦, and |φdeV − φexp| < 15◦, which is
about 68% of the total sample. We then measure the
position of each background galaxy with respect to the
φdev of the foreground galaxies to determine an azimu-
tal angle δφ for each pair. Finally we bin the pairs into
two groups: background sources probing the major axis
region of the foreground galaxies (|δφ| < 45◦) and those
probing the minor axis region (|δφ| > 45◦). We measure
the ratio of reddening along the minor axis (|δφ| < 45◦)
to reddening along the major axis (|δφ| > 45◦), as a
function of impact parameter. We find an indication of
an excess of reddening signal along the minor axis, ex-
cluding the null with 91% confidence, compared to the
major axis, on scales ranging from 30 to 50 kpc, shown
in Figure 8. No significant difference is seen on larger
scales.
5. DISCUSSION
Characterizing dust reddening effects at a level below
one percent is challenging. A number of effects unrelated
to dust can bias the measurements: physical clustering,
large-scale photometric variations, offsets in the estima-
tion of the sky background level near extended sources,
gravitational lensing-induced color changes due to pos-
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Fig. 8.— The dependence of circumgalactic reddening on posi-
tion angle around the galaxy as a function of impact parameter.
The x-axis shows five radial bins from the forground galaxy, the
y-axis shows the ratio of reddening seen in galaxies with a back-
ground along the minor axis to the reddening seen in galaxies with
a background along the major axis. We only a faint signal within
50 kpc, excluding the null at 91% confidence.
sible brightness-color trends. In this analysis we have
accounted for these effects by using an estimator sensi-
tive the excess reddening as a function of angular sep-
aration and only accounting for color changes affecting
background sources. Our results provide a new line of
evidence that a substantial amount of dust resides in
galactic halos. As opposed to previous statistical stud-
ies using quasars as background sources (e.g. Chelouche
et al. 2007; Me´nard et al. 2010) we have shown that it
is possible to use background galaxies, and in particu-
lar standard crayons (Bovy et al. 2008; Peek & Graves
2010).
5.1. The Spatial Distribution of CGM dust
The increased reddening detected within 150 kpc (Fig-
ure 3) appears at first to be inconsistent with the smooth
power-law found by MSFR. However, the MSFR re-
sult assumes that all of the foreground galaxies are at
z = 0.34. As the MSFR results are based on photomet-
rically detected foreground galaxies over a wide range of
redshifts, we expect that any radial CGM edge in phys-
ical space would be washed out by the uncertainty in
redshift.
The increased detection within 150 kpc is qualitatively
consistent with absorption lines of highly ionized metals
(Wakker & Savage 2009) and cooler metals in the CGM
(Bordoloi et al. 2011). We find further similarity with
gas-phase metals in the position angle distribution. The
hint of increased reddening along the minor axis at low
impact parameters is also consistent with previous work
constraining the distribution of MgII absorption around
galaxies (Bordoloi et al. 2011; Lan et al. 2014). These
measurements of dust spatial distribution present an in-
teresting and coherent picture to test against galaxy for-
mation scenarios.
5.2. Trends with Galaxy Properties
A new frontier reached in this analysis is the abil-
ity to probe the relation between the amount of CGM
dust and galaxy properties. Our results indicate that
Mdust,CGM ∝ Mβ? with β ∼ 0.2 (Equation 6). This
trend provides us with a new constraint for the mod-
elling of galactic winds (Zu et al. 2010; Oppenheimer &
Dave´ 2006; Murray et al. 2005) and metal pollution on
large scales. We note that recent studies of CGM met-
als through absorption lines analyses also point out to
a weak dependence between with galactic stellar mass
(Werk et al. 2013; Zhu & Me´nard 2013).
We note that the relatively weak relationship between
the amount of CGM dust and galaxy stellar mass found
in Equation 6 cannot persist to lower mass dwarf galax-
ies. (Peeples et al. 2014, ;P14) includes an analysis of
the total mass of metals produced by galaxies as a func-
tion of mass. Extrapolating their relation – that galaxies
produce ∼ 5% of their stellar mass in metals (figure 1) –
we find that our Equation 6 predicts more mass in CGM
dust than is produced by a galaxy of M? ' 5 × 108M.
This is of course unphysical; there must be some steep-
ening of this relationship toward lower mass.
Lastly, the lack of detectable relationship between
sSFR and CGM dust content has implications for dust
lifetime in the CGM and feedback mechanisms. Our blue
sample has a sSFR 25 times higher than the red sample,
and yet we see no effect on the reddening from CGM
dust. If dust is primarily ejected from galaxies by pro-
cesses that are connected to star formation, it must sur-
vive for gigayears in the CGM to be equally represented
around starforming and passively evolving galaxies.
5.3. The Metal Budget
Determining the location and state of metals can
help us understand how galaxies produce and expel
material, and therefore how they evolve. While early
work highlighted the location of metals at high redshift
(e. g. Bouche´ et al. 2007), recently a complete analysis
has been done by P14. This work determined the total
mass of metals formed by a galaxy by z ∼ 0 as a function
of M? that were not immediately locked in stellar rem-
nants (Fukugita & Peebles 2004): the “available metals”
and discussed whether how much were detected within
galaxy disks or in the CGM.
To illustrate the significance of CGM dust to this bud-
get, we show a new version of P14 figure 9 including
our measurement of the very weak dependence of CGM
dust mass on host galaxy stellar mass (Figure 9), un-
der the assumption from Me´nard et al. (2010) that a
galaxy of stellar mass 1010.4M has CGM dust mass of
5 × 107M. A number of assumptions go into this Fig-
ure which are discussed at length in P14. Importantly,
P14 assumes no dependence of CGM gas-phase metal
mass on M? (β = 0). However, observations of OVI
and lower ions can only rule out a linear, or stronger,
dependence on M? (rule out β ≥ 1). Part of this uncer-
tainty stems from the relatively few low-mass galaxies
observed in the COS-Halos data set: only four in the
range 4 × 109M . M? . 1010M (Tumlinson et al.
2013). Our dust work presents a more precise measure
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Fig. 9.— An accounting of all available metals as a function
of galaxy mass, from the analysis of P14. Below the black line
are metals in stars and the gas-phase ISM (purple), and ISM dust
(orange). Above the black line are CGM metals: low-ions and OVI-
traced metals (green) and CGM dust from this work (yellow). The
hashed area represents metals missing from galaxies themselves.
There is a very clear difference in the fraction of metals accounted
for in 0.1 L* galaxies versus L* galaxies. For a discussion of un-
certainties on these values see P14.
of β (Equation 6), in part due to the much larger range
of foreground galaxy masses probed.
While each of these β measurements are subject to var-
ious independent uncertainties and biases, the fact that
all three measurements (OVI ions, lower ions, and dust)
show weak dependence on M? in this mass range suggests
it is worth examining the physical implications. With
these fiducial assumptions, a large fraction of the metals
produced by 0.1 L* galaxies reside in the CGM, weaken-
ing any “missing metals” problem at that mass. Indeed,
a 0.1 L* galaxy contains approximately as much metal
in CGM dust as in the entire galaxy itself. Conversely,
very little of the available metals from L* galaxies are
found in detected phases of the CGM, suggesting that
the missing metals must be in some unprobed phase or
outside the CGM. These results give a valuable perspec-
tive on galaxy formation models, especially in the context
of galactic feedback.
6. CONCLUSION
We can draw several conclusions from this work.
• Using galaxies and in particular standard crayons
as background sources we detect the excess redden-
ing induced by the extended distribution of dust
around galaxies.
• We confirm the existence of ∼ 5 × 107M of dust
in the CGM of 0.1 L* – L* galaxies, consistent
with the results of MSFR based on reddening of
background quasars.
• We find a weak dependence of CGM dust reddening
on galaxy stellar mass Mdust ∝ M?0.2 (Equation
6), and no detectable dependence on specific star
formation rate.
• Including constraints on the distribution of metals
from absorption line studies, the dust contribution
to the overall metal budget indicates that the miss-
ing metals problem at low redshift is more acute
near L* galaxies than near 0.1 L* galaxies.
We have found in this work that the photometry of
close pairs of galaxies is susceptible to significant sys-
tematic error, even in a survey with photometry tested
as meticulously as the SDSS (Padmanabhan et al. 2008).
To press forward with the measurement of extragalac-
tic dust reddening, we must build photometric pipelines
that are resistant to the kinds of biases discussed in
this paper. Future ground-based surveys and space mis-
sions may sidestep some issues with more stable seeing,
darker skies, and higher resolution. However, without
a clear specification to deliver photometry unbiased by
close neighbors, we cannot assume that such surveys will
be optimal. Better bias constraints on the photometry
of close pairs are also very important for weak lensing
magnification measurements (Huff & Graves 2013). An
alternative is to use observations of color-standardized
point sources (quasars) to study extragalactic reddening.
With these important caveats in mind, we look toward
the future of measuring dust in the CGM of galaxies
with spectroscopic galaxy data. Expanding the analysis
to a broader range of wavelengths would help better
constrain the dust extinction properties, perhaps includ-
ing WISE (Wright et al. 2010) and GALEX (Martin
et al. 2005) data. A preliminary investigation has shown
much stronger systematic biases in close galaxy pairs
when comparing photometry across surveys. Data from
the GAMA survey (Driver et al. 2011) may help us
reach higher precision, especially because the multi-pass
spectroscopic survey avoids fiber collision issues, and
many more close pairs can be studied. BOSS (Dawson
et al. 2012) has observed ten times more passively
evolving galaxies than the original SDSS data, but its
targets are selected with cuts in color space, which may
contaminate the standard crayons. If this contamination
can be well understood, BOSS may allow us to study
CGM reddening at z ∼ 0.5. Future surveys like the
notional high latitude survey proposed for WFIRST
(Spergel et al. 2013) may allow similar measurements
toward z ∼ 2, at the height of galaxy formation in the
history of the universe.
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